INTRODUCTION {#sec1-1}
============

High demand for natural products such as essential oils (EOs) and phenolic diterpenes has fuelled the increased interest in the cultivation of medicinal and aromatic plants (MAPs) as alternatives to traditional crops. The cultivation of EOs-containing species from different families has been initiated in a number of countries to respond to food and cosmetic industry needs. Common sage (*Salvia officinalis*) is among several Lamiaceae species, which received much interest \[[@ref1]-[@ref3]\]. The main sage oil-producing countries in the Mediterranean basin are Spain, France, and Tunisia \[[@ref4]\]. Still, growing such species under arid and semi-arid conditions is a big duty. For instance, abiotic stresses such as heat, water shortage, and salinity, apart from restricting the growth and yield, provoke various metabolic changes in most plants \[[@ref2],[@ref5],[@ref6]\]. All the above abiotic factors result in a build-up of salt in the soil imposing a major limitation to the growth and yield of crops. Although there is a substantial literature on the behavior of common species under stressful conditions \[[@ref5]\], data on MAPs are less available.

Common sage is a Mediterranean shrub of the Lamiaceae family, which has been used for a long time as food spice and folk medicine. The biological properties of EO of sage are attributed mainly to α- and β-thujone, camphor, and 1.8-cineole \[[@ref7]\]. Still the percentage of these EOs depends on several factors including the geographic origin of the plant, environmental factors, plant organ, and genetic differences \[[@ref8]\]. Apart from volatiles and flavonoids, sage contains the relatively large amount of polyphenolic compounds with antioxidant activity \[[@ref9],[@ref10]\]. Carnosic acid (CA), 12-*O*-methyl carnosic acid (MCA) and carnosol (CAR) were shown to be the major diterpene constituents in leaves of both sage and rosemary \[[@ref9]\]. CA metabolism plays a double role in several Labiatae plants. First, CA can protect plants from biotic and abiotic stresses by scavenging free radicals within the chloroplasts. Second, CA metabolism may also play a role in the stability of cell membranes \[[@ref11]\]. In addition, CA and its derivatives have a wide range of pharmacological and biological activities. These compounds are responsible for up to 90% of the antioxidant activity of the plant extract \[[@ref12],[@ref13]\], so there is an increasing interest in using sage as a source of natural antioxidants in food preservatives. Besides, CA and CAR were found to possess antibacterial, anticancer, anti-inflammatory, antitumor, anti-obesity, and photoprotective activities \[[@ref10],[@ref14],[@ref15]\]. Recent reports have showed that these compounds may be useful for the treatment of neurodegenerative diseases \[[@ref16]\]. Such biological and commercial potential of the sage diterpenes makes them an attractive target for developing strategies intended for their extensive production \[[@ref17]\]. Besides, the extraction of these compounds from plants needs sufficient plant biomass together with high amounts of these metabolites. In this regard, several studies \[[@ref18]-[@ref20]\] have targeted enhancing the production of these high-value plant compounds by choosing the accurate plant species or accession, the richest plant part or the proper plant development stage. Besides, the use of some agricultural techniques has been also reported \[[@ref20]\]. It was shown, for instance, that the essential cations (K^+^, Ca^2+^, Mg^2+^ and Fe^2+^) can favor the foliar biosynthesis of several phenolic diterpenes in both sage and rosemary \[[@ref2],[@ref20]\]. As well, it was shown that the upper young leaves contained higher levels of diterpenes when compared to bottom senescent ones \[[@ref20]\]. Furthermore, it has been shown that drought-induced oxidative stress reduces the CA and CAR contents of the sage leaves and enhances the formation of the highly oxidized diterpenes isorosmanol (ISO) and dimethyl isorosmanol \[[@ref12]\]. Still, the effects of moderate and severe NaCl salinity stress on the biosynthesis of such high-value plant compounds are not well studied.

In several countries, water shortages have forced growers to use more and more treated wastewater and saline water for plant irrigation. The soil and water salinity possess serious limitation to plant productivity. Crops are more and more exposed to this problem accentuated by increasing climate aridity. Plants exposed to relatively high concentrations of salt undergo several changes in their metabolism in order to cope with their stressful environment. For instance, excessive soil salinity alters EOs biosynthesis and composition in several species of industrial interest \[[@ref6],[@ref21],[@ref22]\]. The impact of salinity on the EO yield and composition was studied on sage's fruits in hydroponic culture \[[@ref1]\] or with relatively low level of NaCl in the soil (lower than 4.7 dS/m) \[[@ref3]\]. Still the effect of moderate and higher NaCl concentrations in the soil on the EOs composition and phenolic diterpenes are not well studied on the common sage. It is, therefore, of interest to evaluate if irrigation with increasing saline water can be used as an agricultural technique to increase their foliar concentrations in sage. The protective role of CA against NaCl stress was also argued with regard to some physiological features of the plant (water and ionic relations as well as the photosynthetic exchanges).

MATERIALS AND METHODS {#sec1-2}
=====================

Plant Material and Culture {#sec2-1}
--------------------------

Common sage used in the present study was propagated by cuttings at the floral budding stage. Sixty-four plants (1-year-old) were grown in 5 L plastic pots containing desert dune sand (≤1 mm in diameter, 0.1 g soluble salt 100/g DW of sand) in a glasshouse covered with a shade net. The experiment was carried out during July 2012. Plants were exposed, in average, to a PPFD of 1000 mmol/m/s. During 3 weeks after transplanting into the pots, all plants were irrigated with a complete nutrient solution having an initial total ion concentration of 4.5 mM and electrical conductivity (EC) of 3.0 dS/m. These plants were divided into two batches: For the first batch (kinetic batch), forty-eight plants (48) have received increasing NaCl concentrations (0, 50, 75, and 100 mM) in the irrigation solution. The resulted soil ECs were, respectively, 3.0, 9.0, 11.1, and 14.9 dS/m. To avoid osmotic shock, NaCl concentrations were increased gradually, by 25 mM/day, until the desired concentration was reached. Each solution was used to irrigate twelve pots every 4 days. Four plants were randomly harvested from each treatment after 2, 3, and 4 weeks of adding NaCl. The experimental design was a completely randomized block with 4 replicates (each pot being a replicate). This batch of plants was used to determine the effect of salinity on total leaf dry weight, the water content (WC), and the kinetic of accumulation of the phenolic abietanes diterpenes and their yields. The second batch of plants was used to determine the effect of increasing salinity on EOs composition, ion contents, and plant gas exchange. Sixteen plants were irrigated with the same NaCl as mentioned above and were harvested only at the end of the treatment.

Determination of Plant Growth and WC {#sec2-2}
------------------------------------

Plants (4 replicates for each treatment) were randomly harvested after 0, 2, 3, and 4 weeks of adding salt to determine plant growth and leaf WC. After recording their total leaf fresh biomass (FW), they were oven-dried at 80°C for 48 h and total leaf dry biomass (DW) was measured. Plant growth was estimated by determining the total dry weight of the leaves. The leaf WC was determined as follow:

WC = FW−DW/DW

Ion Contents and Gas Exchange Measurements {#sec2-3}
------------------------------------------

Ion contents and gas exchange were performed on fully expanded leaves collected between 9 and 11 am after 4 weeks of NaCl treatment. These evaluations were completed with an infrared, portable CO~2~ gas analyzer (ADC, BioScientific Ltd., Hoddesdon, UK). The photosynthetic rate (*A*), transpiration (*E*), and stomatal conductance (*gs*) were all evaluated. The instantaneous water use efficiency (*iWUE*) was calculated as *A*/*E*.

EOs Extraction and Gas Chromatography/Mass Spectrometry (GC/MS) Analyses {#sec2-4}
------------------------------------------------------------------------

EOs analyses were performed on leaves collected between 9 and 11 am after 4 weeks of treatment. The EOs were extracted from 10 g sub-samples of fresh leaves by steam distillation at atmospheric pressure, using a modified Clevenger type apparatus. Distillation lasted 3 h. The EOs were separated from the aqueous phase by adding chloroform. The organic layer was dried with anhydrous sodium sulfate and concentrated under atmospheric pressure to eliminate the chloroform. The residue was solubilized in 30 volumes of 100% (v/v) hexane and analyzed by GC/MS as described by Tounekti *et al*. \[[@ref6]\].

Abietanes Diterpenes Analyses {#sec2-5}
-----------------------------

For the abietanes diterpenes analyses, a sub-sample of fresh leaves was taken from each harvested plant. The leaves were collected, immediately frozen in liquid nitrogen, and stored at −80°C until analysis. Diterpenes were determined as described by Munné-Bosch *et al*. \[[@ref12]\].

Statistical Analyses {#sec2-6}
--------------------

Variance of data was analyzed with a two-way ANOVA (salt concentration and duration of treatment being the independent variables) using a GLM procedure of SAS software 1996 for a Randomized Complete Block design with 4 replicates. To correct for departure from normality, EOs data (percentages) were Log-transformed before analyses; untransformed means were reported. Where applicable, means were separated by Duncan's Multiple Range Test (*P* ≤ 0.05).

RESULTS {#sec1-3}
=======

Growth, Water Relations, Ionic Contents, and Gas Exchanges in Salt-stressed Sage Plants {#sec2-7}
---------------------------------------------------------------------------------------

The present results revealed that soil salinity had no significant effect on total leaf dry weight per plant \[[Figure 1](#F1){ref-type="fig"}\]. Still such growth parameter tended to decrease after 4 weeks in all salt treatments. Furthermore, the lower NaCl levels (50 and 75 mM) have not affected noticeably the leaf WC either after 4 weeks of treatment. However, a significant decrease was seen for the 100 mM NaCl treatment starting from the 3^rd^ week \[[Figure 1](#F1){ref-type="fig"}\].

![Effect of increasing soil NaCl concentrations (mM) on foliar water content (ml (H~2~O) g^−1^ Dry weight) and total leaves dry weight (g per plant) in *Salvia officinalis* L plants. Each value is the mean of 3 replicates ± standard deviation. Values marked by different small letters are significantly different at *P* \< 5%](JIE-4-208-g001){#F1}

After 4 weeks soil salinity has led to a significant decrease in the assimilation rate (*A*), stomatal conductance (*g~s~*), transpiration rate (*E*) and therefore the instantaneous water use efficiency (*iWUE*) mainly for 75 and 100 mM treatments \[[Table 1](#T1){ref-type="table"}\]. The largest decreases were shown at 100 mM NaCl, leading to *A* values of 10 µmol/m/s after 4 weeks of stress which was 50% lower than control plants. Besides, our results demonstrate that *gs* decreased significantly more than *A* in all salt treatments and mainly when the lowest NaCl concentrations were provided, which suggests a stomatal limitation of the photosynthetic capacity mainly after 4 weeks of treatments. After the same period, salinity has strongly increased Na^+^ and reduced the K^+^ content in the sage leaves, with the 100 mM dose causing the largest effect. For instance, the leaf Na^+^ contents increased by 140% and the K^+^ contents decreased by 32% in the 100 mM-treated plants relative to controls \[[Table 1](#T1){ref-type="table"}\].

###### 

Ions contents, net photosynthesis (*A*), stomatal conductance (*gs*), transpiration rate (*E*), and instantaneous water use efficiencies (*iWUE=A/E*) in leaves of sage plants grown in a medium without NaCl (control), or containing increasing NaCl concentrations (0, 50, 75 and 100 mM)

![](JIE-4-208-g002)

Salt Stress-induced Changes in EOs {#sec2-8}
----------------------------------

The GC-MS analyses of sage EOs obtained by steam distillation of leaves allowed the identification of 31 compounds representing about 96% of the total EOs \[[Table 2](#T2){ref-type="table"}\]. The oil contained different chemical classes such as monoterpenes (24%), sesquiterpenes (29%), diterpenes (19%), saturated fatty acids (23.6%), and alkanes (1.3%). The majority of monoterpenes and sesquiterpenes recovered were oxygen-containing compounds. The most abundant were viridiflorol (28.1%), manool (17.5%), camphor (13.4%), borneol (8.9%), and β-thujone (3.4%). The analyses also revealed a relatively large fraction made of saturated fatty acids \[[Table 2](#T2){ref-type="table"}\]. The increased concentration of NaCl in the soil medium changed the composition of sage EOs but did not induce the synthesis of new oils. These changes depended on salt concentration. 1.8-cineole, β-thujone and camphor increased considerably in the plants fed with 100 mM NaCl; lower salt concentrations had no effect. In contrast, borneol and viridiflorol levels were reduced by the 100 mM NaCl treatment. Manool and total fatty acid fraction did not change \[[Table 2](#T2){ref-type="table"}\].

###### 

Leaf EOs composition (% of total) in *Salvia officinalis* L. after 4 weeks of culture on increasing NaCl concentrations

![](JIE-4-208-g003)

Salt Stress-induced Changes in Phenolic Diterpenes {#sec2-9}
--------------------------------------------------

In common sage, CA and CAR are the major phenolic diterpenes in the leaves \[[Figure 2](#F2){ref-type="fig"}\]. Our results demonstrated that the CA content varied between 1.2 and 1.7 mg/g DW and CAR between 1.2 and 1.6 m/g DW in the leaves of control plants. We found that NaCl in the soil medium did not affect significantly the oxidized diterpenes rosmanol (ROS) and dimethyl isorosmanol (DIM) as well as their total contents regardless of the duration of the treatment \[[Table 3](#T3){ref-type="table"}\]. Whereas, the effect of salinity on CA, CAR, MCA, ISO, and the total reduced diterpene contents changed with time (treatment x duration significant). After 2 weeks of treatment, NaCl had only a limited effect on sage abietane diterpene content. However, after 3 weeks, plants fed with 75 mM or 100 mM NaCl had considerably more CA, MCA and reduced forms in their leaves than those fed with 0 mM or 50 mM NaCl \[[Figure 2](#F2){ref-type="fig"}\]. After 4 weeks, plants which received 75 mM or 100 mM NaCl contained more CA, MCA, and CAR than those irrigated with 50 mM. The latter had similar CA but lower MCA and CAR content than control plants. The reduced diterpenes content tended to decrease when plants were fed with 50 mM NaCl and to increase for higher concentrations (after 3 or 4 weeks). Still, the levels of the oxidized compounds did not change significantly in the 50 and 75 mM-treated plants of the present study. Higher salt concentrations enhanced CA, MCA, and CAR biosynthesis \[[Figure 2](#F2){ref-type="fig"}\].

###### 

Summary of two-way ANOVA of effects of growth medium NaCl concentration and treatment duration as fixed independent variables

![](JIE-4-208-g004)

![Effect of increasing soil NaCl concentrations (mM) on foliar reduced diterpene concentrations (mg/g Dry weight) (A) and contents (mg per plant) (B) in *Salvia officinalis* L plants. CA: Carnosic acid, CAR: Carnosol, MCA: Methoxycarnosic acid; RED: Total reduced diterpenes (RED = CA + CAR + MCA). Each concentration is the mean of 4 replicates ± standard deviation. In values marked by different small letters are significantly different at *P* \< 5%](JIE-4-208-g005){#F2}

DISCUSSION {#sec1-4}
==========

In all plant species, salinity leads to a reduction in plant biomass when it exceeds a certain threshold \[[@ref5]\]. According to Maas and Hoffman \[[@ref23]\], a crop is considered moderately salt sensitive when 50% of the reduction in biomass occurred at 90 mM NaCl, which is not the case for sage plant as revealed by our results. In fact, despite its trend for decreasing, for all NaCl applied levels, at the treatment end, total leaf dry weight per plant was not significantly affected by soil salinity \[[Figure 1](#F1){ref-type="fig"}\]. Hence, the present study confirms that sage is a moderately salt-resistant glycophyte \[[@ref2],[@ref23]\]. The detrimental effects of NaCl on plants are typically due to osmotic effects and/or ionic imbalances resulting from nutritional deficiency or excess ions \[[@ref20],[@ref24],[@ref25]\]. The abscission of the oldest leaves, and therefore the slight decrease of the total leaf dry weight (either not statistically significant), has been considered an adaptive mechanism that prevents the accumulation of toxic ions (Na^+^ and Cl^−^) and reduces water loss in salt-stressed plants \[[@ref5],[@ref24],[@ref25]\]. According to our results, the application of the 50 mM NaCl in the soil did not affect noticeably the leaf WC either after 4 weeks of treatment, while at higher levels plants were unable to suitably hydrate their tissues which cause water stress \[[@ref6],[@ref24],[@ref25]\]. As a consequence, salinity has led to an early decrease in the assimilation rate (*A*), stomatal conductance (*g~s~*), and the transpiration rate (*E*) \[[Table 1](#T1){ref-type="table"}\], as it was seen in several other species \[[@ref20],[@ref24]\]. Still the largest decreases were shown for the higher NaCl levels. Such simultaneous decrease in g*~s~* and *E* has kept away the salt-stressed plants from an acute loss of the leaf cell turgor. To maintain leaf cell turgor, plants generally accumulate solutes from the soil (Na^+^ and Cl^−^) \[[@ref24]\]. According to our results, after 4 weeks of treatment, the Na^+^ increased by 140% and the K^+^ decreased by 32% in the 100 mM NaCl-treated plants relative to controls, while the effects were more moderate in the 75 and 50 mM-treated plants. Still, this increased uptake of Na^+^ (inclusion mechanism), combined with a limited production of new leaves, led to a build-up of Na^+^ to toxic levels, which likely caused the leaf senescence and abscission.

The response of sage to changes in its environment involves among others the regulation of the levels of its secondary metabolites including EOs and phenolic diterpenes \[[@ref2],[@ref3],[@ref12],[@ref26]\]. The effect of salinity on isoprenoids biosynthesis is expected as it affects the photosynthetic assimilation (*A*) and, therefore, the glycolysis pathway from where their precursor, D-glyceraldehyde 3-phosphate and pyruvate, were provided. It was already found that adding 100 mM NaCl to the plant growing medium almost increased concentrations and contents of several abietane diterpenes in rosemary leaves \[[@ref20]\]. Herein we test for the first time to our knowledge the effect of increasing NaCl concentrations on the leaf abietanes diterpenes yield and composition in the sage plant.

The GC-MS analyses of sage EOs obtained by steam distillation of leaves allowed the identification of 31 compounds representing about 96% of the total EOs \[[Table 2](#T2){ref-type="table"}\]. The most abundant oils were viridiflorol (28.1%), manool (17.5%), camphor (13.4%), borneol (8.9%), and β-thujone (3.4%); this composition is somewhat similar to that of Eastern Lithuanian sage (i.e. 9.3-35.6% α-thujone; 6.9-29.1% camphor; 6-24% viridiflorol; 3.1-13.6% α-humulene; 3-13.3% manool; 8.6-12.7% 1.8-cineole, and 2-5.5 % borneol) \[[@ref27],[@ref28]\]. The relatively high levels of oxygenated compounds mainly thujones, 1.8-cineole and camphor confer to the sage EO its antiseptic, astringent, carminative, and antispasmodic values. Still lesser concentrations of 1.8-cineole, camphor, and borneol were recorded herein as compared to our earlier studies, which may be due to seasonal variations, cultivar diversity or plant age \[[@ref29]\]. For example, the low camphor levels found in this study seems to be due at least to the fact that the bulk of the leaves used were mature. Many studies showed that camphor is used in the recovery and recycling mechanisms for the carbon and energy accumulated during leaf development \[[@ref30]\]. The analyses also revealed a relatively large fraction made of saturated fatty acids. This fraction was found in the extracts of many Lamiaceae species mainly in the genus *Salvia* \[[@ref31]-[@ref33]\].

As many other abiotic stresses, soil salinity can increase the synthesis of some secondary metabolites and encourage the formation of new compounds \[[@ref34],[@ref35]\]. In agreement with this, our results showed that increasing NaCl in the soil medium changed the composition of sage Eos, but did not induce the synthesis of new oils. These changes depended on NaCl levels applied into the soil. For instance, 1.8-cineole, β-thujone and camphor increased considerably in the plants fed with 100 mM NaCl; lower salt concentrations had no effect. In contrast, borneol and viridiflorol levels were reduced by the 100 mM NaCl treatment. Manool and total fatty acid fraction did not change. Similarly, Hendawy *et al*. \[[@ref36]\] reported that sage plants fed with NaCl (2500 ppm) in combination with different zinc concentrations had higher β-thujone, camphor and 1.8-cineole concentrations, less viridiflorol, and no manool. In the same way, Aziz *et al*. \[[@ref3]\] have reported that increasing NaCl up to 4.7 dS/mimproved the α-thujone, cis-thujone and camphor contents. They also found that 1.8-cineole decreased and viridiflorol increased which is different to our results. The lower NaCl level they used could explain these differences since the percentage of some EO compounds are dependent on the medium salinity among others \[[@ref6],[@ref35]\]. Besides, the effects of NaCl on the EO composition vary between species. For example the 50 mM NaCl applied during 3 weeks, increased 1.8-cineole, borneol and camphor in coriander leaves; while higher concentrations decreased these monoterpenes \[[@ref35]\], which is not the case for sage as shown by the present results. The 1.8-cineole and camphor were also stimulated in two *Ocimum* varieties subject to an excess of water (125% of field capacity) or to a water deficit (75 and 50% of field capacity) \[[@ref37]\]. NaCl appears to affect the activity of key enzymes in the biosynthesis pathways of EOs which concentrations are altered by salinity \[[@ref38],[@ref39]\]. According to Putievsky *et al*. \[[@ref40]\], good quality sage oil should contain a high percentage (\>50%) of the epimeric α- and β-thujones and a low percentage (\<20%) of camphor. Still more recent studies have stated that the biological properties of the sage's EO are attributed mainly to α- and β-thujone, camphor, and 1.8-cineole \[[@ref7]\]. It appeared, therefore, that the soil salinity has beneficial effects on the sage's EO quality.

In common sage, CA and CAR are the major phenolic diterpenes in the leaves \[[Figure 2](#F2){ref-type="fig"}\]. Dried sage leaves can contain up to 3% CA, depending on the plant variety, the growth conditions, the sample treatment and the method of preparing the extract. According to our results, the CA content varied between 1.2 and 1.7 mg/g DW and CAR between 1.2 and 1.6 mg/g DW in the leaves of control plants. Still our result agreed that environmental constraints produce substantial differences in flavonoid and phenolic acids and esters within plants particularly members of the Lamiaceae family \[[@ref12],[@ref41],[@ref42]\]. We found that NaCl in the soil medium did not affect significantly the oxidized diterpenes ROS and DIM as well as their total contents regardless of the duration of the treatment \[[Table 3](#T3){ref-type="table"}\]. Whereas, the effect of salinity on CA, CAR, MCA, ISO, and the total reduced diterpene contents changed with time (treatment × duration significant) \[[Table 3](#T3){ref-type="table"}\]. After 2 weeks of treatment, NaCl had only a limited effect on sage diterpene content. However, after 3 weeks, plants fed with 75 or 100 mM NaCl had considerably more CA, MCA, and reduced forms in their leaves than those fed with 0 or 50 mM NaCl \[[Figure 2](#F2){ref-type="fig"}\]. After 4 weeks, plants which received 75 or 100 mM NaCl contained more CA, MCA, and CAR than those irrigated with 50 mM. The latter had similar CA, but lower MCA and CAR content than control plants. Therefore, the NaCl-induced changes in leaf CA, MCA, and the total reduced diterpene composition depended more on stress intensity (concentration of salt in the irrigation solution); but, variability in CAR content is better explained by treatment duration. Still most isoprenoids and phenolic diterpenes are induced to protect plant cells from drought, salt, heat stress or mechanical wounding \[[@ref2],[@ref39],[@ref43]\]. The tendency of the reduced diterpenes content to decrease when plants were fed with 50 mM NaCl and to increase for higher concentrations (after 3-4 weeks), suggests that the plants reacted differently to these two ranges of salinity. It appears that the 50 mM NaCl treatment induced only a mild osmotic stress, which caused the degradation (oxidation) of the normally occurring pools of reduced diterpenes. Still, the levels of the oxidized compounds did not change significantly in the 50 and 75 mM-treated plants of the present study, thus further supporting the view that plants can withstand photooxidative stress at these salinity levels. Whereas, higher salt concentrations, led to a more acute stress (oxidative or Na^+^ or Cl^−^ toxicity) to which plants responded with enhanced CA, MCA and CAR biosynthesis \[[Figure 2](#F2){ref-type="fig"}\]. In the latter situation, *de novo* biosynthesis of reduced diterpenes exceeded their degradation to oxidized forms. This appears especially true for the 100 mM NaCl-treated plants whose leaves had high concentrations of oxidized diterpenes basically at the 14^th^ week \[[Figure 3](#F3){ref-type="fig"}\]. It is already known that CA may give rise to CAR after enzymatic dehydrogenation or to highly oxidized diterpenes such as ROS or ISO after enzymatic dehydrogenation and free radical attack \[[@ref9],[@ref12],[@ref42]\]. Thus, CA may function as a "cascading" antioxidant, in which oxidation products are further oxidized, thus improving antioxidative protection by CA. In addition, CA can be *O*-methylated to form MCA. The *O*-methylated diterpenes can reinforce and stabilize the lipid chain \[[@ref42]\]. Another indication that the 100 mM-treated plants faced different type of stress compared to the lower-treated plants is the decrease of the leaf WC especially on the 14^th^ week \[[Figure 1](#F1){ref-type="fig"}\] meaning that their ability for osmotic adjustment decreased. Furthermore, our results demonstrate that the *gs* decreased significantly more than *A* in all salt treatments and mainly at 50 mM NaCl, which suggests a stomatal limitation of the photosynthetic capacity (restriction of CO~2~ availability for carboxylation). However, at higher concentrations mainly at 100 mM NaCl and apart from a stomatal limitation of photosynthesis, the plants suffered from a reduction in the *iWUE* and more acute stress, which could harm the photosynthetic apparatus \[[@ref24],[@ref25]\]. These findings are in agreement with previous results that found that the increase in salinity levels decreased *iWUE* in tomato plants \[[@ref44]\]. Under these conditions, the formation of reactive oxygen species can occur, which possibly leads to photoinhibition and/or photo-oxidative impairment. Besides, the effect of 50 mM NaCl on CA, MCA, and CAR resembles that of drought- or high light-induced oxidative stress conditions, which reduced their concentrations in rosemary leaves \[[@ref12]\].

![Effect of increasing soil NaCl concentrations (mM) on foliar oxidized diterpene concentrations (mg/g Dry weight) (A) and contents (mg per plant) (B) in Salvia officinalis L plants. ROS: Rosmanol, ISO: Isorosmanol, DIM: Dimethyl isorosmanol, OX: Total oxidized diterpenes (OX = ROS + ISO + DIM). Each concentration is the mean of 4 replicates ± standard deviation. In values marked by different small letters are significantly different at *P* \< 5%](JIE-4-208-g006){#F3}

CONCLUSION {#sec1-5}
==========

In conclusion, NaCl in the soil medium affected EOs composition of common sage leaves by stimulating biosynthesis pathways of several monoterpene families such as *p*-menthane (1.8-cineole) and bornane (camphor). The increased concentration of 1.8-cineole under NaCl stress should enhance the commercial value of sage EOs \[[@ref45]\] since 1.8-cineole and thujone are the main parameters of sage oil quality \[[@ref46]\]. In addition, NaCl decreased borneol and the sesquiterpene viridiflorol. Still, our study provides ways to manipulate the concentration of phenolic diterpenes in sage leaves. We have shown that sage plant subjected to increasing NaCl concentrations (\>50 mM) in the medium had higher CA and MCA content, but slightly lower total leaf dry mass compared to non-treated plants. Therefore, it may be possible to obtain higher yields of antioxidants, such as CA, from plants grown with saline water. It may be feasible to increase the commercial value of sage leaf extracts by manipulating the concentration of phenolic diterpenes and EOs. Nevertheless, larger scale field studies are needed to ascertain the potentially beneficial effects of NaCl on phenolic diterpene and EOs concentration against the potential loss in plant biomass production and soil fertility in the long run.
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